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Abstract
Star formation is a fundamental process for galactic evolution. One issue over the last several decades
has been determining whether star formation is induced by external triggers or is self-regulated in a
closed system. The role of an external trigger, which can effectively collect mass in a small volume, has
attracted particular attention in connection with the formation of massive stellar clusters, which in the ex-
treme may lead to starbursts. Recent observations have revealed massive cluster formation triggered by
cloud-cloud collisions in nearby interacting galaxies, including the Magellanic system and the Antennae
Galaxies as well as almost all well-known high-mass star-forming regions such as RCW 120, M20, M42,
NGC 6334, etc., in the Milky Way. Theoretical efforts are laying the foundation for the mass compression
that causes massive cluster/star formation. Here, we review the recent progress on cloud-cloud collisions
and triggered star-cluster formation and discuss the future prospects for this area of research.
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1 Introduction
Star formation is one of the most fundamental processes in galactic evolution. Most investigations
of star formation have focused on self-regulated star formation in a turbulent molecular cloud (for a
reviews, see, e.g., McKee & Ostriker 2007; Zinnecker & Yorke 2007), and theories based on turbulent
molecular clouds explain the observed properties of star formation, including the stellar initial mass
function (IMF; see e.g., Krumholz et al. 2009; McKee & Tan 2003; Bonnell et al. 1998). However, It
is not clear if the theories can explain the mechanism responsible for very active star formation, like
the starbursts.
The mechanism of high-mass star formation has been an issue of keen interest in the last
few decades. Infrared dark clouds—including hub-filament systems with moderate high-mass star
formation (Peretto et al. 2013) or other dense cloud cores—are considered promising candidates for
high-mass star formation (e.g., Menten et al. 2005). Theoretical studies of high-mass star formation
have considered two possibilities. One is a self-gravitating, massive star-cloud system, which has
been shown to form a rich stellar cluster of 2000 M similar to the Orion Nebula Cluster (ONC).
Sophisticated numerical techniques incorporating feedback have been employed (e.g., Bonnell et al.
2003; Dale et al. 2015), and it has been demonstrated that the inhomogeneous cloud evolution with
multiple stellar condensations can lead to the formation of a rich cluster in a few million years (Myr).
However, it remains to be explained how single, isolated O-stars with smaller system mass are formed,
since such O-stars are numerous in the Galaxy (Ascenso 2018). The other possibility is a massive,
compact cloud core that contains 100 M within a 0.1 pc radius, which has a mass column density
around 1 g cm−2. Numerical simulations with these initial conditions have successfully demonstrated
that such a cloud core can leads to the formation of two ∼30 M O-stars (Krumholz et al. 2009).
Subsequently, similar simulations for a more massive cloud of 1000 M, which adopted the initial
condition with a mass column density of 1 g cm−2, showed the formation of a cluster similar to the
ONC (Krumholz et al. 2012). An issue that still remains to be addressed is how such a high column
density is produced, since the core/cloud-formation process—which may form numerous low-mass
stars prior to high-mass star formation—is beyond the scope of the simulations.
Recent observational studies have provided evidence that cloud-cloud collisions (CCCs) trig-
ger high-mass star formation in the Milky Way. Table 1 lists more than 50 high-mass star-forming
regions for which observational evidence of high-mass star formation triggered by a CCC has been
reported. They include major HII regions like M42 and M17 in the solar neighborhood, the young
massive cluster R136 in the Large Magellanic Cloud (LMC) and the massive open cluster NGC 604
in M33, as well as the massive (candidate) clusters in the Antennae Galaxies. These objects suggest
the important role of CCCs in forming massive clusters as well as isolated high-mass stars.
2
The aim of this article is to summarize recent observational and theoretical results on CCCs
and discuss the role of the collision process in star formation, with an emphasis on high-mass star
formation. The article is organized as follows. Section 2 describes theories of CCCs, including
historical background, and Section 3 discusses the essential observational signatures and statistical
properties of of CCCs. Section 4 presents the theories of the compression layer in a CCC, together
with the relevant physical processes, with an emphasis on the magnetic field. Section 5 describes
individual CCCs, including massive clusters and galactic interactions. Section 6 summarizes the
article.
2 Theories of CCCs
2.1 Historical Background
Triggered star formation has been reviewed previously, covering several mechanisms including CCCs,
and HII-driven compression (e.g., Elmegreen 1998). Around 1940, interstellar absorption lines at
optical wavelengths were discovered, and this opened the door to investigations of discrete interstellar
clouds. From the velocity separations of the clouds, 15–20 km s−1, Oort (1954) estimated that such
clouds are often undergo collisions. This was the first indication of the important role of CCCs in
determining the mass spectrum of interstellar clouds. The first numerical simulations of colliding
interstellar clouds were carried out by Stone (1970a). The simulations were one-dimensional, since
the computer power was very limited then. Stone (1970a) assumed two identical interstellar clouds
of neutral hydrogen with densities of 5–10 Hatm cm−3, colliding at a speed of 10 km s−1. These
clouds were the standard model described in the textbook by Spitzer (1968). Stone (1970a) and Stone
(1970b) showed that both colliding clouds are destroyed in the collision, since the collision speed is
highly supersonic, and the duration of the collision is too short for the growth of self-gravitational
instability.
In the 1970s, many molecular clouds were observed by millimeter-wave telescopes (e.g.,
Dame et al. 2001 and references therein, Solomon & Sanders 1980). Loren (1976) obtained ob-
servational evidence for a collision between molecular clouds in NGC 1333 and discussed the pos-
sible connection between the collision and high-mass star formation. This work demonstrated that
theoretical studies of CCCs needed to be extended to molecular clouds. In the 1980s, supercom-
puters emerged, and Smith (1980) numerically simulated one-dimensional colliding flows, includ-
ing radiative gas cooling, dissociation, and the formation of molecules, and he showed that a dense
molecular-gas layer is formed in a CCC. Smith (1980) also discussed the gravitational instability of
the dense molecular gas layer and showed that a slower collision speed favors gravitational instabil-
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ity of that layer. Two-dimensional numerical simulations of collisions between two dense molecu-
lar clumps were performed by Gilden (1984). He showed that dense, gravitationally unstable gas
layers were formed by the collisions. He discussed the conditions in which such dense layers are
formed by CCCs, and he proposed a simple model to explain the formation of gravitationally unsta-
ble regions. Three-dimensional simulations were carried out using smoothed particle hydrodynamics
(SPH) (Lattanzio et al. 1985; Lattanzio & Henriksen 1988; Nagasawa & Miyama 1987). Due to the
limits of supercomputer power in those days, the number of SPH particles was limited. Lattanzio et
al. (1985) simulated head-on collisions of identical clouds and of non-identical clouds, and Lattanzio
& Henriksen (1988) simulated off-center collisions of clouds. Since the number of SPH particles was
at most 2000, these simulations were limited to small clouds. Nagasawa & Miyama (1987) simulated
collisions of identical clouds with a larger number of SPH particles than Lattanzio et al. (1985) and
Lattanzio & Henriksen (1988), assuming the clouds to be isothermal and in gravitational equilibrium
before the collision. By employing 4000 and 8000 SPH particles, they also found that a gravitation-
ally unstable layer is formed in a CCC. In spite of these efforts, there were only a few attempts to test
these theories by observations of the molecular clouds until the 2010s.
Habe & Ohta (1992) extended SPH simulations to head-on collisions between non-identical
clouds, which is more realistic for collisions that have a wide range of sizes. Their goal was to in-
vestigate whether oblique shock waves between non-identical clouds can create a converging flow,
which would help to form massive dense cores in the shocked layer efficiently. By using an ax-
isymmetric SPH code, they achieved the high spatial resolution needed to resolve a gravitationally
unstable massive core. They showed successfully that non-identical clouds facilitate the formation of
a gravitationally unstable massive core, as compared with the identical clouds.
Subsequently, numerical simulations of collisions of non-identical clouds were performed
by Anathpindika (2010), Takahira et al. (2014), Takahira et al. (2018), and Shima et al. (2018).
Anathpindika (2010) elucidated the role of the non-linear thin-shell instability in the formation of
dense clumps in colliding clouds. Takahira et al. (2014) and Takahira et al. (2018) demonstrated the
important roles of internal turbulence in the pre-collision clouds and of the collision speed. Prior to
these studies, Kimura & Tosa (1996) had simulated collisions of identical clouds, assuming a turbu-
lent, clumpy cloud distribution, and they showed that many dense clumps are formed by a CCC, but
they did not take self-gravity into account. The simulations by Takahira et al. (2014) and Takahira et
al. (2018), which did incorporate self-gravity, predicted that the dense cores formed by a CCC have
a power-law mass function. Shima et al. (2018) studied star formation in colliding clouds, and they
included UV feedback from the newly formed stars by employing a sink-particle model developed by
Federrath et al. (2010). They showed that the UV feedback triggers star formation by compressing
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the gas around the sink particles. In a high-velocity CCC, the magnetic field plays a crucial role in the
compressed layer created by the CCC. Inoue & Fukui (2013) and Inoue et al. (2018) performed high-
resolution, three-dimensional MHD simulations and concluded that the magnetic field—amplified by
shock compression in the CCC—can explain massive-core/star formation in the collision interface,
as we discuss in more detail in Section 4. A number of other numerical simulations elaborating
CCCs have been performed more recently (e.g., Bisbas et al. 2017; Kobayashi et al. 2018; Li et al.
2018; Whitworth et al. 2018; Wu et al. 2018; Sakre et al. 2020). These recent studies are used for
comparison with recent observations of CCCs.
In this paper, we focus particularly on the role of “head-on” and “fast” molecular-cloud col-
lisions in high-mass star formation. This is because many high-mass star-forming molecular clouds
have consistently been interpreted as sites of “fast” gas collisions, with relative velocities of ∼10
km s−1. In addition, the molecular-gas structures around high-mass stars can be well explained by
the results of the “face-on” CCC simulations by Habe & Ohta (1992) and Takahira et al. (2014). Note
that slow CCCs also induce star formation to some extent, while oblique CCCs may have negative
effects on star formation due to the induction of shear flows. However, we do not discuss slow CCCs
or oblique CCCs in detail in this review, because observations suggest that fast and head-on CCCs are
the ones associated with high-mass star formation. We only note that there is a case of an oblique col-
lision where the formation of an early B star may have been triggered (e.g., NGC2068 and NGC2071,
Fujita et al. 2020a).
2.2 “Complementary Distribution” and “Bridge” as Observational Signatures of a CCC
Here we discuss the distribution and kinematics of the gas in a CCC based on numerical simulations
and summarize the observable signatures of a CCC. Collisions between two clouds of exactly the
same size are expected to be very rare. Numerical simulations of CCCs by Habe & Ohta (1992),
Anathpindika (2010), Takahira et al. (2014), and Takahira et al. (2018) assume that a small spherical
cloud collides head-on with a large spherical cloud; hereafter, we call this the “Habe-Ohta model”. In
these simulations self-gravity is included, but the magnetic field is not taken into account.
Figure 1a shows schematic drawings of a side view of the Habe-Ohta model at three epochs,
based on the numerical simulations by Takahira et al. (2014): the initial phase (Phase 1), an interme-
diate phase (Phase 2), and the final phase (Phase 3). First, in Phase 1 a small cloud and a large cloud
are approaching each other. Once a collision occurs, a compressed layer is formed at the interface
layer between the two clouds, creating a U-shaped cavity in the large cloud in Phase 2. The diameter
of the cavity is nearly equal to that of the small cloud. The gas in the two clouds streams into the
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Fig. 1. (a) Schematic picture of three evolutionary epochs of the Habe-Ohta model of a cloud-cloud collision between two spherical clouds with different sizes. When the small
cloud drives into the large cloud, a U-shaped cavity is created in the large cloud, and the small cloud streams into the compressed layer formed at the collision interface. (b)
Surface density plots of the 10 km s−1 collision model calculated by Takahira et al. (2014). The leftmost panel shows the top view of the two clouds prior to the collision (Phase
1), while the middle and right panels show snapshots at 1.6 Myr after the onset of the collision (Phase 2). The integration ranges in the y axis are −15 pc to+15 pc for the
middle panel and −1 pc to +1 pc for the right panel. The eye symbol and arrow define the viewing angle used in analyzing the synthetic 12CO(J=1–0) data presented in
Figure 2. Figures are adapted from Fukui et al. (2018a) and reproduced with permission from AAS.
compressed layer during the collision. Finally in Phase 3, the small cloud has fully merged into the
compressed layer, while the U-shaped cavity in the large cloud remains open in the direction of inci-
dence of the small cloud. The strongest compression takes place in the compressed layer inside the
U shape, where dense cores and star(s) will be formed by gravitational instability if the gas column
density of the compressed layer becomes large enough.
Figure 1b shows the simulation results in a top view of the projected density distribution in
p-y-q coordinates, where the collision happens in the p-q plane, with the collision direction along the
q axis. The simulation parameters are given in Table 2. Note that the simulations take into account
realistic turbulence and density inhomogeneities in the initial clouds. The initial collision velocity of
10 km s−1 between the two clouds is supersonic for a cloud sound speed less than 1 km s−1. In the
course of the collision the small cloud is decelerated by the collisional interaction, and the collision
velocity decreases to ∼7 km s−1 at 1.6 Myr. Phase 1 is prior to the onset of the collision, when the
time is 0 Myr. Phase 2 is at an elapsed time of 1.6 Myr, by which time the small cloud has penetrated
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into the large cloud and created a U-shaped cavity in the large cloud. Two images are shown for Phase
2: Phase 2 [whole] shows all of both clouds, while Phase 2 [inner] shows those parts of the clouds
only within y=±2 pc in the p-q plane. Phase 2 [inner] shows the cavity more clearly than Phase 2
[whole].
In order to understand the details of the observed velocity distributions of the colliding clouds,
synthetic observations of the 12CO(J=1–0) emission were made (Fukui et al. 2018a; Fukui et al.
2018b; Torii et al. 2017a), and they are presented as velocity-channel distributions. Generally, collid-
ing clouds are observed along a line of sight at an angle θ to the collision direction. In Figures 2b–2i
we show the cloud distributions at 1.6 Myr, corresponding to Phase 2, for an angle θ=45 degrees as a
typical case. The x-y-z coordinates used in Figure 2 are defined by rotating the p-q plane of Figure 1b
counterclockwise by 45 degrees (see also Figure 2a). At the low velocities of ∼−5 km s−1 to −2
km s−1, only the small cloud is observed (Figures 2b, 2c, and 2d), while at the high velocities of∼−1
km s−1 to +1 km s−1, only the large cloud is observed (Figures 2g and 2h). However, we also find
emission at the intermediate velocities of∼−2 km s−1 to−1 km s−1 between the two clouds (Figures
2e and 2f). The cavity in the large cloud is clearly seen in Figure 2g around x∼2 pc. The cavity is
displaced by ∼3 pc from the peak of the small cloud located at x∼5 pc, as shown in an overlay of the
two clouds (Figure 2i). Although it varies within the clouds, a typical CO line profile often shows a
single skewed peak (Figure 2j). The position-velocity diagram shows a single broad cloud spanning
∼5 km s−1 in a V-shape (Figure 2k), whereas it initially consisted of two discrete clouds. The single
broad cloud is due to the intermediate-velocity gas produced by the collisional interaction. This is the
bridge feature discussed as a characteristic feature of a CCC (e.g., Haworth et al. 2015; Figure 10–14
of Torii et al. 2017a).
We pay particular attention to three characteristic features of a CCC, which are summarized
as follows:
i) Complementary distribution with displacement: The simulations show that the cavity formed in
the large cloud has a density distribution that is complementary to that of the small cloud in three-
dimensional space. We find such a complementary distribution, with a displacement between the
cavity and the small cloud (Figure 2j). The displacement is due to the projection effect, and it
disappears if θ∼0 degree. An algorithm has been developed to optimize the displacement to fit
the complementary distribution in a CCC (Fujita et al. 2020b).
ii) Bridge: The simulations show intermediate-velocity gas formed by the collisional interaction,
which makes the two initial clouds appear as a single-peaked continuous cloud. The bridge
sometimes has a V-shape, with the small cloud at the tip of the “V” and two bridges linking it to
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Fig. 2. Synthetic observations of 12CO(J=1–0) emission based on the numerical simulations by Takahira et al. (2014) observed at an angle of the relative motion to the line
of sight θ = 45◦ (see the rightmost panel of Figure 1b). Panel (a) shows the definition of the x-y-z coordinates used to generate the synthetic data. Panels (b)–(h) show the
velocity-channel distributions at intervals of 0.93 km s−1 in velocity. Panel (i) shows the complementary distribution between the large cloud—the image in panel (g)—and the
small cloud with the contour in panel (c) at 4 K km s−1. Panel (j) shows a spectrum toward the interface layer and panel (k) shows the position-velocity diagram integrated over
the y range of −2 pc to +2 pc. Figures are adapted from Fukui et al. (2018a) and reproduced with permission from AAS.
the large cloud.
iii) U shape: The U-shaped cavity in Phase 2 and Phase 3 is clearly presented by Habe & Ohta
(1992), as reproduced in Figure 1 (Phase 2 and Phase 3). The U shape results from the directed
compression of the large cloud caused by the small cloud, and it is characterized by a highly
directed density distribution that is densest at the bottom of the U shape.
3 Observed Properties of CCCs
We summarize the main observational properties of CCC candidates by highlighting a few represen-
tative objects. In addition, the statistical properties of CCCs are presented in Table 1 based on 50
CCC samples. More detailed observational data are described in Section 5.
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Fig. 3. Color composite image of RCW 120. Green, blue, and red show the Spitzer/IRAC 8 µm data (Benjamin et al. 2003), Spitzer/MIPS 24 µm data (Carey et al. 2009), and
Herschel/SPIRE 250 µm data (Zavagno et al. 2010). The large cross indicates the position of the exciting star, and the filled red circles, filled white circles, and filled white
triangles indicate the positions of Class I, intermediate Class I-Class II or flat-spectrum, and Class II YSOs identified by Deharveng et al. (2009). The small crosses and labels
indicate the cold-dust condensations identified from 870 µm observations by Deharveng et al. (2009). The white contours show the outline of the 8 µm ring, where the Spitzer
8 µm image is median-filtered with a 9′′×9′′ window. Adapted from Torii et al. (2015) with permission from AAS.
3.1 Characteristic Signatures of a CCC
The CCC candidates are often observed in millimetric CO emission, mainly toward HII regions or
reflection nebulae, where OB stars including OB-star candidates have already formed (Table 1). These
observations indicate that high-excitation molecular lines are not useful for tracing a CCC. However,
the CO emission, which samples a wide range of gas densities, is useful as an overall tracer of a CCC.
The high optical depth of the 12CO emission sometimes masks the collision signatures, so isotopic
CO molecules are employed for various column-density ranges: 12CO for NH2 < 10
22.5 cm−2, 13CO
for 1022.5 cm−2 ≤ NH2 ≤ 1023 cm−2, and C18O for NH2 > 1023 cm−2. Other tracers, like [CII] may
also be useful as tracers of CCCs (Haworth et al. 2018), although their spatial coverage is limited.
The Habe-Ohta model of a CCC shows that several observational signatures are useful for
identifying and characterizing a CCC: i) the displaced complementary distributions of the two clouds,
ii) the bridge feature linking them, and iii) the U-shaped cavity. In order to illustrate these signatures,
we describe below three objects that have been formed by CCCs.
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Fig. 4. (a) A comparison of the red cloud (image) and the blue cloud (white contours) associated with RCW 120, as observed with the NANTEN2 telescope in 12CO(J=1–0).
The bridging feature at −23 km s−1 to −20 km s−1 is plotted with thick black contours. The YSOs, dust condensations, and 8µm ring are plotted in the same manner as in
Figure 3, where the region that was used for the YSO identifications is shown by black dashed lines. (b) Schematic illustrations of the evolution of the CCC in RCW 120 as
presented in the Z–Y plane and the X–Y plane, where the Z-axis is along the line of sight. The origin of the coordinate system is taken at the exciting O-star. Figures are
adapted from Torii et al. (2015) and reproduced with permission from AAS.
3.1.1 RCW 120: A “U-shaped Cavity” and Evidence for Directional Gas Compression
RCW 120 is an HII region ionized by a single O-star (Figure 3). It shows a clear shell-like shape, and
the usual interpretation is that is is an HII region bubble driven by the O-star ionization (Deharveng
et al. 2005). Hosokawa & Inutsuka (2005) showed that gas is compressed by expanding HII gas and
becomes, gravitationally unstable, if the magnetic field is not taken into account. However, it has
been questioned whether such a bubble can be formed by the O-star, because compression by the HII
gas turns out to be difficult, due to the magnetic pressure acting against the compression, as shown by
recent magnetohydrodynamic simulations (Inutsuka et al. 2015).
Torii et al. (2015) made a detailed analysis of the CO data and found two CO clouds with
a velocity separation of 20 km s−1, as shown in Figure 4. They therefore proposed the alternative
scenario that a CCC formed the bubble and triggered the formation of the O-star in the collisionally
compressed layer. If the bubble were driven by the HII region, it would be symmetric; however,
it is actually asymmetric, showing a U shape open toward the northeast in the galactic coordinates
(Figure 4). Further, the location of the O-star is not at the center of the bubble, but instead is in
the southwestern side close to the bottom of the U shape. The asymmetric morphology is consistent
with a collisionally created, U-shaped cavity, with the small cloud having collided from the northeast.
The collision timescale is estimated to be ∼0.15 Myr for θ = 45 degrees, from the ratio of the 3 pc
bubble size to the 20 km s−1 velocity separation. They suggested that the small cloud collided from
the opening side of the bubble, and the remnant of the small cloud is found outside RCW 120 (Torii
et al. 2015). According to this interpretation, RCW 120 shows the typical U-shape of Phase 3 in the
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Fig. 5. Typical U-shaped bubbles seen in the Galactic disk at infrared wavelengths (upper panels; Three-color composite images with 24 µm in red, 8 µm in green, and 3.6 µm
in blue) and at 12CO(J=1–0) emission (lower panels).
Habe-Ohta model. The model also explains the formation of the O-star, which is not explained in the
HII-driven bubble scenario. Similar U shapes are found in other CCC-candidate bubbles, including
RCW 79 (Ohama et al. 2018a), S44 (Kohno et al. 2018b), S36 (Torii et al. 2017b), etc., as shown in
Figure— 5. It is remarkable that all of these objects show anisotropic density distributions as traced
by CO, which is consistent with the U-shaped cavity.
3.1.2 M43: “Complementary Distribution and Displacement”
By analyzing CO data for the Orion A cloud, Fukui et al. (2018a) presented a scenario in which two
clouds with a projected velocity separation of 4 km s−1 collided to trigger the formation of NU Ori,
the B3 star exciting M43. The small cloud in this case has a key-like shape, and the cavity in the large
cloud has a keyhole shape that is complementary to the small cloud but displacement by 0.3 pc, as
shown by the arrow in Figure 6. Assuming an angle of roughly 30-60 degrees between the collision
path and the line of sight, the collision timescale is estimated to be∼0.1 Myr, with an uncertainty of a
factor of ∼2. The key-like cloud shape is unique, and the complementary distribution is remarkable.
A V-shape is also found in the position-velocity diagram, but the bridge was not found, due to the
small velocity dispersion.
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Fig. 6. Complementary distributions of the two clouds toward OMC-2. The image with black contours indicates the blue-shifted cloud and the white contours represent the
red-shifted cloud. The black arrow indicates the displacement vector that provides the best complementary fit between the image and the white contours. The contact surface
between the complementary distributions of the two clouds is indicated by the green dashed line. The velocity ranges for the blue-shifted and red-shifted clouds are 8.8 km s−1
and 12.9–14.9 km s−1, respectively. The lowest level and interval of the white contours are 13 K km s−1 and 7 K km s−1, while those of the black contours are 7 K km s−1 and
7 K km s−1. NU Ori [(R.A., decl.) = (5h35m31s, −5◦16′03′′)] is plotted with a white cross. Figures are adapted from Fukui et al. (2018a) and reproduced with permission from
AAS.
3.1.3 M20: A “Bridge” Connecting the Colliding Clouds
Torii et al. (2011) and Torii et al. (2017a) showed that the exciting star of M20 was formed by a
CCC with a velocity separation of 8 km s−1. The separation is relatively large, and the two clouds
are linked at 6 km s−1 by diffuse emission, as shown in Figure 7b. This bridge feature is another
observational signature of a CCC. The collision path is nearly along the line of sight, making the
projection effect small. Haworth et al. (2015) studied the physical properties of the bridge based on
the numerical simulations by Takahira et al. (2014). Figure 8 shows the time evolution of the bridge
linking the two colliding clouds according to the numerical simulations. It shows that the gas clouds
exchange momentum with each other and that the interacting gas acquires velocities intermediate
between those of the two clouds. We note that bridges are not always observable, since the projection
effect can reduce the observed velocity separation between the two clouds to a value smaller than the
linewidths of the individual clouds.
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Fig. 7. (a) Contour maps of the two colliding clouds observed in 12CO(J=3–2) are shown superimposed on an optical image of M20 (credit: NOAO). The exciting O7.5 star
(HD 164492 A) is depicted by a cross, while class I/0 and class II young stars identified by the Spitzer color–color diagram (Rho et al. 2006) are plotted with filled black circles
and filled white circles, respectively. The 2 km s−1 cloud and cloud C from Torii et al. (2017a) are plotted as blue contours and red contours, respectively. The bridge features
BR1, BR2, and BR3 identified by Torii et al. (2017a), are indicated by green contours. The velocity range and the contour levels are shown in the bottom right of the panel. The
black lines indicate the integration ranges for the declination-velocity diagram shown in Figure 7b. (b) Declination-velocity diagram for the 12CO(J=3–2) emission integrated
over the ranges shown in Figure 7a with black lines. The bridge feature is indicated by the black rectangle. Figures are adapted from Torii et al. (2017a) and reproduced with
permission from AAS.
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Fig. 8. 12CO(J=1–0) synthetic p-v diagrams of snapshots from the 20 km s−1 collision model (Haworth et al. 2015). The panels are for snapshots at 0.4 Myr (top left), 2 Myr
(top right), 2.4 Myr (bottom left), and 4.4 Myr (bottom right). Adapted from Haworth et al. (2015) with permission.
3.2 Statistics of the Cloud Properties in CCCs
Here, we summarize the statistical properties of those CCC candidates (Table 1) that have been pub-
lished.
Figure 9 shows histograms of the column density, collision velocity, size, and mass for CCC
candidates in the Galaxy. A typical collision velocity is 10 km s−1, while in the inner disk the velocity
tends to be larger, 15–20 km s−1. The masses of the colliding clouds are typically 103–105 M, and
the sizes are 1–6 pc. We infer that the velocity is determined by the cloud-to-cloud velocity dispersion
of the molecular clouds in the galactic disk, which is mainly caused by supernovae (SN) feedback in
addition to the acceleration by the gravitational field of the disk. Observational evidence for the
formation and acceleration of the molecular clouds by the collective effects of SN is obtained in
Galactic supershells (e.g., Fukui et al. 1999). It is possible that the initial collision velocity may be
14
Fig. 9. Histograms of physical parameters for the Galactic CCC objects. Panels (a)–(d) correspond to the peak column density, relative velocity, size of the small cloud, and
molecular mass of the small cloud, respectively.
∼50 % larger than this value due to the projection effect and to gas-dynamical interactions between
the colliding clouds, as shown by the numerical simulations (Takahira et al. 2014).
Given the size of the small cloud, the typical area involved in a collision where an O-star is
formed is estimated to be ∼1 pc2. If we count only the O-star(s), the star-formation efficiency (SFE)
in a CCC is estimated to be 15M/ [(3×1018)2 cm2 × 1× 1022 cm2 × 3× 10−24 g]=10%. The SFE of
a CCC is not extremely high, and this figure seems fairly consistent with the theoretical expectations
as discussed in Section 4. It is possible that a CCC may also trigger the formation of low-mass stars,
increasing the SFE upward.
Figure 10 shows a scatter plot of the collision velocity and the column density, and Figure 11
is a scatter plot of the number of high-mass stars and the column density, as compiled by Enokiya
et al. (2019). The trend that the velocity increases with the column density is in part ascribed to the
massive clouds in the Central Molecular Zone (CMZ), which has both a high column density and large
velocity. The number of O-stars formed by a CCC is correlated with the column density. Figure 11
shows that the formation of an O-star occurs for column densities larger than 1 × 1022 cm−2, and
the formation of more than 10 O-stars requires column densities higher than 1023 cm−2. Below 1
×1022 cm−2 no high-mass stars are formed. The CMZ clouds do not follow these thresholds, which
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Fig. 10. Scatter plot of the peak column density and relative velocity of colliding clouds in the Galactic sources on a double-logarithmic scale. The black, red, and light-green
symbols, respectively, indicate CCCs associated with clusters having less than 10 O- and early B-type stars, more than 10 O- and early B-type stars, and without any O- or
early B-type stars. The black line is the best fit to the black and red symbols using a least-squares method. Adapted from Enokiya et al. (2019) and reproduced with permission.
Fig. 11. Scatter plot of the peak column density and the number of O- and early B-type stars for colliding clouds in the Galactic sources on a double-logarithmic scale. The
black line is the best fit to the black and red symbols using a least-squares method. Adapted from Enokiya et al. (2019) and reproduced with permission.
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seems unusual, possibly due to the high turbulent pressure acting against the self-gravity. We note
that Figure 11 also suggests that column density is a good parameter for characterizing the formed
stars, and that other parameters may not be so important. For instance, although the angle of obliquity
of a CCC affects the formed stars, the trend in Figure 11 seems to be relatively independent of this
parameter.
The CCC candidates also allow one to gain an insight into the overall collision frequency. The
colliding clouds are associated with HII regions that are concentrated in the spiral arms in the Galactic
disk.
Let us suppose that the clouds have 104 M and there are 105 such clouds in total in the disk.
The collision frequency of a cloud is thus estimated to be one per 100 Myr if the distribution is uniform
over the disk. In the disk, the clouds are concentrated in the arms, where the collision frequency
increases to one every 10 Myr, which is consistent with the numerical simulations of galactic gas
dynamics (Tasker & Tan 2009; Tasker 2011; Fujimoto et al. 2014; Dobbs et al. 2015). The CCCs
therefore occur within the typical 20–30 lifetime of a giant molecular cloud (GMC; Kawamura et al.
2009), indicating that a GMC experiences a few collisions in its lifetime. If we assume that a single
collision triggers the formation of a 15 M star (a late O-star), the total star-formation rate is estimated
to be 0.15 M yr−1 (=15 M × 105/107 yr), which corresponds to ∼10 % of the total star-formation
rate of ∼1–2 M/yr in the Galaxy (Murray & Rahman 2010). This rate corresponds to the formation
of one O-star every 100 yr, which is somewhat smaller than the rate of SNe, which occur every 30–50
yr in the Galaxy (van den Bergh & Tammann 1991). If nearly half of the SNe are assumed to be of
the core-collapse type, it is possible that a substantial fraction of the O-stars may be formed by CCCs.
The collision frequency is therefore large enough to explain the high-mass star-formation rate.
We next remark on the completeness of the CCC candidates (Table 1). Among the colliding
clouds, we observe relatively close clouds—within ∼5 kpc from the Sun—which suffer less contam-
ination in the Galactic disk.
This bias is consistent with the fact that most of the CCC candidates (Table 1) are located on
the near side of the disk, and it suggests that the actual rate of high-mass star formation by CCCs may
be more than tripled this estimate. It is also probable that there may still be a number of HII regions
to be searched for CCCs, because Table 1 is not complete for known HII regions. The actual number
of CCC candidates may thus be far more than ∼150, corresponding to at least 25 % of that of the
∼600 Spitzer bubbles (Churchwell et al. 2006). It may also be possible that in some relatively old HII
regions the signatures of CCCs may be difficult to trace due to ionization.
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4 Theory of the Gas Dynamics of the Collisional Compression
A collision between two clouds compresses the gas layer into a thin layer. The details of such layers
were investigated in the numerical MHD simulations by Inoue & Fukui (2013), Inoue et al. (2018),
and Fukui et al. (2020), who used the results to make synthetic observations. We here review the
theoretical results on the collisional compression.
4.1 Shock Compression of the Interface Layer
Observations show that a CCC happens at a highly supersonic speed, typically vcol' 10 km s−1. Such
a collision flow inevitably causes strong shock compression. In molecular clouds, because radiative
cooling is efficient, we often treat a cloud as an isothermal gas. This leads to a shock-compression
ratio r'M2s if we neglect the effect of the magnetic field, where Ms is the sonic Mach number. Given
that the typical sound speed is 0.2 km s−1 (Ms ∼ 50 for vcol ' 10 km s−1), the density of the shocked
layer is n = n0M2s ∼ 106 cm−3 for an initial cloud density n0 = 103 cm−3. Since the thermal Jeans
mass is a decreasing function of density, the shocked gas created by the cloud collision is sometimes
mentioned as a favorable site for low-mass star formation.
However, the effect of a magnetic field can drastically change the physical state of the shocked
cloud. The density of the post-shock gas is not drastically enhanced, as discussed above, because mag-
netic pressure prevents over-contraction behind the shock. Let us calculate the shock-compression
ratio for the isothermal MHD equations. For simplicity, we assume a non-oblique shock and neglect
the component of the magnetic field that is parallel to the shock normal; this hardly affects the com-
pression ratio, particularly for super-Alfve´nic fast shock waves. Under this assumption, the jump
conditions for the isothermal MHD equations become
ρ1 v1 = ρ2 v2, (1)
ρ1 (v21 + c
2
s )+
B21
8pi
= ρ2,(v22 + c
2
s )+
B22
8pi
, (2)
B1 v1 = B2 v2, (3)
where the subscripts 1 and 2, respectively, denote the pre-shock and post-shock variables. By solving
the above equations, we obtain the compression ratio as follows
ρ2
ρ1
=−
{
1
2
+
(
cs
cA,1
)2}
+
{1
2
+
(
cs
cA,1
)2}2
+2
(
v1
cA,1
)21/2 , (4)
where cA,1 = B1/
√
4piρ1 is the pre-shock Alfve´n velocity. For a super-Alfve´nic shock, MA ≡
v1/cA,1  1 in a low-plasma-β cloud with cA,1/cs  1, and the compression ratio is thus reduced
to
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This compression ratio is applicable insofar as the pos-tshock magnetic pressure dominates the ther-
mal pressure: B22/8pi > ρ2 c
2
s . By rewriting this inequality using the solutions of eqs. (1)–(3), we
obtain the range of the magnetic field strengths for which we can apply the MHD formula for the
compression ratio—eq. (5)—to be
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√
16piρ0
c2s
vsh
' 0.2 µG
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)1/2( cs
0.2 km s−1
)2
. (6)
This small value indicates that we almost always have to consider the effect of the magnetic field in a
molecular cloud, and the shock compression is controlled by the Alfve´n Mach number from eq. (5).
Note that, in the above discussion, we consider only the effect of the magnetic-field component per-
pendicular to the shock-propagation direction. Thus, the range of upstream magnetic-field strengths
given above should be applied to the perpendicular component of the magnetic field in the general
case.
4.2 Structure Formation in the Interface Layer
The shock compression creates a dense gas sheet in which gravity can activate star formation. Such
a process has been studied by many authors. Hunter et al. (1986), Whitworth et al. (1994), and
Whitworth et al. (1994) studied the gravitational fragmentation of a shocked-compressed sheet using
linear stability analysis and hydrodynamic simulations. Although their studies are pioneering and
insightful, they only considered the growth of the gravitational instability from a flat, non-turbulent
sheet. Whitworth et al. (1994) estimated that the gravitational instability starts to grow after a time
tstart '
(
cs
Gρ1 vcol
)1/2
∼ 0.5 Myr
(
cs
0.2 km s−1
)1/2( n1
300 cm−3
)−1/2( vcol
10 km s−1
)−1/2
, (7)
following the initial impact of the clouds, where vcol is the relative velocity of the collision. This
timescale seems to be short enough to work, but in reality a kind of (magneto-) hydrodynamical in-
stability grows immediately behind the shock, and it dominates dynamical structure formation inside
the shock-compressed layer (see Inoue & Fukui 2013; Vaidya et al. 2013; and Abe et al. 2020 for
more detail).
Recent studies of molecular-cloud formation have revealed that molecular clouds are highly
inhomogeneous and turbulent from the beginning (e.g., Koyama & Inutsuka 2002, Hennebelle et
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Fig. 12. Face-on snapshot of the column-density structure of the shock-compressed layer. In this simulation by Abe et al. (2020), two inhomogeneous clouds with 〈n〉1 = 300
cm−3 and By,1 = 10µG collide with a relative velocity of 10 km s−1 along the z-axis. The most massive filament has a line-mass greater than 100 Msun pc−1.
Fig. 13. Schematic illustration of clumpy clouds before (top) and after (bottom) collision.
al. 2008, Heitsch et al. 2008, Va´zquez-Semadeni et al. 2007, Inoue & Inutsuka 2008, Inoue &
Inutsuka 2012). Thus, the collision of two uniform clouds—assumed for simplicity in many his-
torical studies—is not a realistic setting. By using three-dimensional, isothermal MHD simulations,
Inoue & Fukui (2013) showed that dense, filamentary structures are formed in the shock-compressed
layer produced in a fast CCC, irrespective of the effects of self-gravity. In Figure 12, we show the
face on view snapshot of the column density of the shock compressed layer simulated by Abe et al.
(2020), where we confirm the formation of very high column density filamentary blobs. The line
mass of the most massive filament created in this result is larger than 100 Msun pc−1.
How are these dense filaments formed? The magnetohydrodynamical flow induced at the
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Fig. 14. Schematic illustration of the evolution of one dense clump swept up by a shock wave (from Figure 3 of Inoue et al. 2018 ). Adapted from Inoue et al. (2018) with
permission.
shock front plays a crucial role in the formation process: As illustrated in Figure 13, if we consider
the collision of highly inhomogeneous (∆ρ/ρ ≥ 1) flows, clumps embedded in the colliding clouds
will be shock-compressed. When a shock wave hits a dense clump, the shock front is deformed,
because the shock speed is decelerated in the dense region. At an oblique shock wave, the gas flow
is kinked, as depicted in Figure 14. This is because the velocity (or momentum flux) tangential to the
shock is conserved, while the normal velocity stalls across the shock. As a consequence of the kinked
flow, focusing flows are generated behind the shock, which further compress the clump; i.e., the
clump is compressed not only by the shock but also by the post-shock focusing flows. Because of the
enhanced magnetic field behind the shock, the focusing flows are induced only along the post-shock
magnetic field. This leads to the formation of filamentary structures perpendicular to the magnetic
field (or perpendicular to the plane of the paper in Figure 14). This mechanism of dense-filament
formation was discovered by Inoue & Fukui (2013) and Vaidya et al. 2013; see also Arzoumanian et
al. 2018 and Kandori et al. 2020 for observational supports). We emphasize that the filaments formed
by this mechanism lie perpendicular to the magnetic field, at least when they are first created. Abe et
al. (2020) recently showed that the above oblique MHD-shock-induced filament formation dominates
other filament formation mechanism when the shock velocity is larger than roughly 5 km s−1.
4.3 Massive Filaments and Cores
If the line mass of a formed filament exceeds the critical value for gravitational instability, the filament
starts to collapse and fragment. For an unmagnetized filament, it is widely known that the critical line
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mass is given by (Stodo´lkiewicz 1963; Ostriker 1964 )
λmax = 2c2s/G ' 19 Msun pc−1 (cs/0.2km s−1)2. (8)
Recently, Tomisaka (2014) showed that the maximum line mass of a filament that is threaded by a
magnetic field perpendicular to the filament is given by
λmax ' 0.24Φcl/G1/2 +1.66c2s/G, (9)
where Φcl represents one half of the magnetic flux threading the filament per unit length (or one half
of the magnetic field strength times the width of the filament). It is clear that the first term in eq. (9)
represents the contribution from the magnetic field, while the second term is a thermal contribution
1. By comparing the two terms, we find that the critical line mass occurs when the magnetic-field
strength is larger than the following value:
Bcr ' 13.8c
2
s
G1/2w
= 70µG
(
w
0.1 pc
)−1 ( cs
0.2 km s−1
)2
, (10)
where we have assumed the width of the filament to be w = 0.1 pc, as suggested by observations
(Arzoumanian et al. 2011; Arzoumanian et al. 2019).
The magnetic-field strength in the filament is a key parameter for evaluating the critical line
mass. In the case of a cloud collision, filaments are formed in the shock-compressed layer, and the
magnetic field strengths in the filaments are approximately given by the shock-compressed value of
the upstream magnetic field (Inoue & Fukui 2013; Inoue et al. 2018). Note that the magnetic-field
component parallel to the shock normal is not compressed by the shock, and thus the post-shock
magnetic-field strength is determined by the amplification of the perpendicular components. Because
the perpendicular component of the magnetic field is compressed by the same factor as the volume
density, the post-shock strength can be evaluated from eq. (5) as
Bfilament ∼ Bt,2 =
√
2MABt,1 '
√
8piρ1 vcol
= 170µG
( n1
300 cm−3
)1/2 ( vsh
10 km s−1
)
, (11)
where the shock velocity vsh is approximately half of the relative collision velocity vcol.
If we put the above filament magnetic-field strength estimate into eq. (9), we can estimate the
critical line mass for the filaments:
λmax ' 45 Msun pc−1 (Bfil/200µG)(w/0.1pc)
+15 Msun pc−1 (cs/0.2 km s−1)2. (12)
1 Note that eq. (9) is a fitting formula obtained from numerical solutions of static, magnetized filaments that is not optimized for the small-magnetic-field-strength regime. This
is the reason why the thermal term in eq. (9) is not equivalent to eq. (8)
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Again, we have assumed the width of the filament to be 0.1 pc, following observations that suggest
that even massive filaments retain the constant width of 0.1 pc. We can thus expect massive filaments
containing more than 50 Msun pc−1 to be formed by a CCC. Although the origin of the constant widths
of filaments is not yet well-understood theoretically (e.g., Federrath 2016; Ntormousi et al. 2016), the
above line-mass estimate is consistent with the filaments created by CCC simulations (Inoue et al.
2018; Abe et al. 2020).
As shown by Inoue et al. (2018), massive dense cores can be formed from a filament that un-
dergoes global collapse (due to the growth of large-scale gravitational instability). Since small-scale
(filament-width scale) instabilities grow simultaneously with the large-scale instability, the massive
cores formed in their simulations experience coalescence of low-mass cores. This picture of high-
mass star formation is consistent with recent observational suggestions, e.g., by Peretto et al. (2013),
Peretto et al. (2014), and Tokuda et al. (2019). Because the collapsing filament is massive—due
mostly to the strong magnetic field—the mass-accretion rate onto the central massive core can be
large. Inoue & Fukui (2013) speculated that the mass-accretion rate may be as large as
M˙ ∼ c
3
A
G
=
B3fil
G1/2 (4piρfil)3/2
∼ 7×10−4 Msun yr−1
(
Bfil
100µG
)3 ( nfil
104 cm−3
)−3/2
, (13)
where we have simply replaced the sound speed in the classical mass-accretion-rate formula by the
Alfve´n velocity, which is much faster than the sound speed. The result of the simulation by Inoue et
al. (2018) showed that the mass-accretion rate is larger than 10−4 Msun yr−1 and that this results in
the formation of a core as massive as ∼100 Msun.
A 20 M star is formed in ∼2×105 yr by a constant mass-accretion rate of 10−4 M/yr.
Synthetic observations indicate that a filament forms multiple dense cores, with typical separations of
0.1 pc. The most massive one will become an O-star first, and it will ionize the surroundings within
a radius of 1 pc in 1 Myr. The outcome is a single O-star together with lower-mass stars, because
the accretion flows are terminated by ionization prior to the formation of multiple high-mass stars. If
the initial gas density is higher, the formation of multiple high-mass stars in a pc-scale region may
become possible, because each potential O-star can grow into an actual O-star more rapidly than the
ionization by its neighbors can terminate its growth. In such a case, the outcome will be an O-star
cluster similar to a super star cluster (SSC) containing tens of-O stars. Rapid star formation in a CCC
is supported by observations of the star-formation history in the Galaxy, although such observations
are not easy to carry out. Such an effort by Kudryavtseva et al. (2012) using the HST and VLT found
that the duration of star formation is on the order of 105 yr for two SSCs, Westerlund 1 and NGC
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3603, which lends support to the hypothesis of rapid star formation.
4.4 The Core Mass Function Driven by CCCs
Fukui et al. (2020) used the results of Inoue & Fukui (2013) to make synthetic observations of
the collision-compressed layer. Table 3 lists the physical parameters adopted in the simulations.
Figure 15 shows the density and velocity fields of the transition layer for a pixel size of 0.015 pc; in
the collision, the velocity drops suddenly from the initial velocity of 10 km s−1 to 1.5 km s−1, and
the density increases by more than a factor of 10. The simulation shows that massive, dense cores
are formed in the filament. The most massive core has a mass of 60 M and a size of 0.1 pc, and it
tends to be gravitationally unstable, leading to high-mass star formation. The unstable dense cores
are found at high column densities—above 1023 cm−2—in the filaments (see Figure 11 of Fukui et al.
2020).
The mass and size are similar to the dense cores observed in typical high-mass star-forming
regions, which are typically expressed as “100 M within 0.1 pc” or “column mass of ∼1 g cm−2”
(e.g., the sub-mm protocluster IRAS 05358+3543: Beuther et al. 2007; McKee & Tan 2003).
The core mass function shown in Figure 16 consists of two parts: The high-mass part cover
the range 6–60 M, and most of those cores are gravitationally unstable.
Follow-up simulations (Inoue et al. 2018) have confirmed that the massive cores collapse into
denser cores under their own self-gravity in ∼1 Myr. On the other hand, the low-mass part of the
function—less than 6 M—consists of cores for which the virial mass is larger than the gas mass,
and the low-mass part provides upper limits for the star-forming cores. One CCC therefore produces
a top-heavy core mass function. Simulations of protostellar collapse that assume the initial condition
100 M within 0.1 pc show that the SFE is about 70 % (Krumholz et al. 2009). The stellar-mass
function also may be given by the core mass function, if we assume that the stellar mass is 70 % of
the core mass.
The total mass of the massive cores amounts to 400 M at an epoch of 0.7 Myr. In the
compressed layer, the total mass of gas denser than 104 cm−3 is 18000 M, and the mass that is
denser than 105 cm−3 is 2900 M. For these two cases, the SFE in a CCC is estimated to be 1.6
% and 10 %, respectively, by taking the ratio of the stellar mass (70 % of the core mass) and the
gas mass of the compressed layer. The SFE may increase further by accumulating more mass, if the
simulation is continued for 1 Myr or longer, but once an O-star is formed, its ionization will limit the
mass growth of the dense cores. We infer that the SFE is not extremely high in spite of the strong
collisional compression.
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Fig. 15. (a) Projected velocity vectors (arrows) overlaid on the distribution of mean density (image) for |z| < 0.08 pc at t = 0.7 Myr. (b) Close-up view of (a). (c) Distribution of
the size of the velocity vector (|V |). (d) Angle between the velocity vector and the x-axis. (e) The density n and (f) dynamic pressure. The contours in panels (c)–(f) contain 30,
60, and 90 % of the data points but exclude gas with the initial conditions (|V | >∼ 12 km s−1 and angle ∼ 0◦). Adapted from Fukui et al. (2020) with permission.
A comparison of the theoretical core mass function with the observations of RCW 38
and W43 Main is shown in Figure 16. The W43 dust cores observed with Atacama Large
Millimeter/submillimeter Array(ALMA; (Motte et al. 2018a) are compared with the synthetic ob-
servations, and the agreement between them is good. Gravitational stability is not tested by this
comparison, because there is no velocity information.
The cores in RCW 38 were observed with ALMA in C18O emission, with a mass-detection
limit of 6 M (Torii et al. 2020). The mass range observed matches the high-mass part of the core
mass function. Most of the C18O cores are found to be gravitationally unstable in RCW 38. The core
properties—i.e., the ranges of density, size, and mass—seem to be in accord with the simulations,
but the detection limit needs to be lowered in the future for a better comparison. In summary, the
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Fig. 16. Core mass function from a numerical simulation at t = 0.7 Myr superimposed on those for RCW 38 cores (Torii et al. 2020) and W43 cores (Motte et al. 2018a) are
superimposed.The error bars correspond to
√
N statistical uncertainties. The dashed line shows the single-star IMF of Kroupa (2001), and the solid curve shows the system
IMF by Chabrier (2005). Adapted from Fukui et al. (2020) with permission.
dense cores observed in the state-of-the-art ALMA observations are reasonably consistent with the
simulated core mass function.
The stellar IMF has been extensively studied in the literature (e.g., Kroupa 2001; Chabrier
2003 and references therein). Figure 16 compares the stellar initial mass functions and the theoretical
core mass function formed in a CCC. If we assume that the SFE of the cores is 0.7, the core mass
roughly corresponds to the stellar mass. Figure 16 indicates that CCCs are responsible mainly for the
stellar-mass range 4 M–40 M, i.e., the high-mass tail of the mass distribution. This demonstrates
that the impact of a CCC lies in the formation of stars more massive than 4 M, for which the observed
sample of stars is limited to well-studied clusters, including rich clusters like the ONC and NGC 3603
in the Galaxy, and R136 in the LMC (e.g., Kroupa 2001). All three clusters are regions triggered by
CCCs according to observational studies of the molecular/atomic clouds (Fukui et al. 2018a; Fukui et
al. 2014; Fukui et al. 2017). In the Galaxy, the total mass of these high-mass stars is ∼200–400 M
(20 M times 10–20), a very small fraction of all the stars, which have an average total mass of ∼108
M in an area of 1 kpc2. A CCC produces a top-heavy stellar mass function locally within an area of
1 pc2, but it does not affect the IMF of the field stars.
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4.5 Low-Mass Star Formation by CCCs
The triggering of low-mass star formation by CCCs is another matter of interest. However, it has not
been well-discussed, since low-mass stars are believed to form spontaneously by self-gravity without
any external trigger. Although the universality of the IMF is under intense debate, if a CCC results
in a top-heavy core mass function, as discussed in this section, low-mass star formation may not be
enhanced as dramatically by a CCC as high-mass star formation is.
NGC 1333 is one of the rare low-mass star-forming regions where a CCC has been suggested
(Loren 1976). In this cloud, a mild collision with a moderate column density and a small collision
velocity (∼ 2 km s−1) is supposed to be taking place, and no massive stars earlier than B5-type have
been formed. Based on HI and OH observations, the idea of collisions of expanding shells with the
ambient interstellar medium near NGC 1333 and IC 348 has been proposed (Sancisi 1974). The
young star-cluster in NGC 1333, on the other hand, shows the signature of a burst of formation. The
high fraction of class 0/I objects with respect to class II/III YSOs (39/98) identified by the Spitzer
Space Telescope (Gutermuth et al. 2008) implies that triggering of low-mass star formation occurred
<∼ 1 Myr ago. Hacar et al. (2017) pointed out that NGC 1333 consists of many filamentary clouds
(also called “fibers” in their terminology), and dense cores are located at the junctions of multiple
fibers, suggesting that collisions of the fibers are responsible for the formation of dense cores and
thus for the active star formation in this cloud. Since filaments are commonly seen as the building
blocks of interstellar clouds, collisions among the filaments are expected as a natural consequence
of a CCC. Similar mechanisms of dense core formation by colliding filaments have been reported in
LDN 1641N and Serpens South (Nakamura et al. 2012; Nakamura et al. 2014).
From the statistics of star formation triggered by CCCs, it is suggested that low-mass star
formation may be enhanced rather than producing high-mass stars by CCCs with low initial column
density and/or low collision velocity (see Section 3.2), but more observational samples are needed to
establish this definitively.
4.6 Star-Formation Efficiency in a CCC
One may expect the SFE in a CCC to be enhanced by the strong compression. We explore this issue
next based on both observations and theories. Let us suppose that the stellar mass of interest covers
the wide range from 0.1 M to 50 M. Due to observational limitations, such a wide mass range can
be observed with high sensitivity only at the small distance of 400–500 pc, beyond which observations
of low-mass stars are limited by extinction and contamination in the Galactic disk. The best region
for this purpose is the Orion region.
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The star-formation history in the ONC has been an issue of keen interest (e.g., Kroupa 2001;
Stutz & Gould 2016; Fukui et al. 2018a). Extensive spectroscopic and photometric studies have
provided one of the best samples, which contains stellar parameters for 2000 members in the ONC.
The ages of the stars, estimated by comparison with theoretical evolutionary tracks, ranges from a
few Myr to 0.1 Myr, while the accuracy of the method is limited by the parameters used in the stellar-
evolution calculations (Hillenbrand 1997). A CCC took place in M42 0.1 Myr ago, and most of
the low-mass star formation continued over a few Myr prior to the collision according to Fukui et
al. (2018a). The CCC triggered the formation of 10 O-stars with a total mass of ∼200 M. Given
the molecular mass of the colliding clouds—1000 M within 1 pc of the Trapezium stars—the star
formation efficiency is 20%, which is consistent with the theoretical estimate in Section 4. The stellar
mass of the ONC as a whole is 2000 M, and the molecular mass of the main CO ridge is 1.5 ×104
M, indicating a SFE of ∼10 %. This shows that the CCC has not had much impact on the SFE.
5 Observations of CCCs: Individual Regions
5.1 Formation of SSCs by CCCs
5.1.1 The CCCs in the Antennae Galaxies
The Antennae Galaxies NGC 4038/NGC 4039 located 22 Mpc from the Sun are the best-known pari
of interacting galaxies (Whitmore & Schweizer 1995; Wilson et al. 2000). The galaxies consist of two
interacting grand-design spirals, as shown by their overlapping disks. The two galactic nuclei are still
separated, however, suggesting that the galaxies are still in an early stage of merging. Early molecular
observations detected massive molecular clouds in the overlap region, and it was suggested that the
visible young clusters may have been formed by the interaction at a velocity of∼100 km s−1, (Wilson
et al. 2000). The filamentary molecular distribution was resolved at 10 pc resolution by recent CO
observations with ALMA (Whitmore et al. 2014; Finn et al. 2019).
Tsuge et al. (2020a) analyzed the ALMA CO data in the overlap region in the same manner
at 50 pc resolution, and they found that the complementary distributions like those in all GMC com-
plexes. The ages of the clusters in the overlap region range from 1 Myr to 6 Myr. In the older clusters,
significant cloud dispersal by ionization makes it difficult to identify detailed collision signatures.
The tidal interaction between the Antennae Galaxies has been simulated numerically by Renaud et al.
(2015), and they conclude that the onset of the interaction dates back probably some 100 Myr.
Tsuge et al. (2020b) analyzed the CO emission in the region of a SSC B1 in more detail and
found observational signatures of CCCs in the overlap region. Figure 17a shows the CO distribution at
10 pc resolution toward SSC B1 in two velocity ranges separated by 100 km s−1, which are apparent
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Fig. 17. (a) CO intensity map for the blue-shifted cloud (contours) and the red-shifted cloud (image) in SGMC 4/5 in the Antennae (Tsuge et al. 2020b). The black crosses
indicate the positions of SSC B1 and the emerging cluster classified by radio continuum, CO and Optical/NIR data (Whitmore et al. 2014). (b) The same as (a), but with the
contours of the blue-shifted cloud is displaced. The contour level is 300 K km s−1. (c) Schematic view of the collision between the red-shifted and blue-shifted clouds. Sub-panel
(I) corresponds to the clouds before the collision, sub-panel (II) corresponds to time during the collision, and sub-panel (III) corresponds to a period after the collision for SGMC
4/5. Panels (a) and (b) correspond to sub-panels (iii) and (ii), respectively. (d) Result from a synthetic observation based on the numerical simulation by Takahira et al. (2014).
The contour and the image indicate the blue-shifted cloud and the red-shifted cloud, respectively. Adapted from Tsuge et al. (2020b) and reproduced with permission.
in the double-peaked CO profile. In Figure 17b the two distributions are clearly complementary to
each other, and they coincide very well if a displacement of 70 pc is applied, as shown by an arrow.
This analysis indicates that two clouds with sizes of 200–300 pc collided with each other and
that the small cloud, which is moving toward us, created a cavity in the large cloud. Figure 17c
shows a schematic drawing of the collision, where the two clouds collided at their centers by chance.
Figure 17d shows a simulation of the two clouds in a head-on collision, which fits well with the obser-
vations. The Antennae Galaxies are the first case in which massive clusters have been demonstrated
to be formed by a CCC at 100 km s−1, which was driven by the galactic collision. Figure 18, an over-
lay of the CO clouds with an HST near-infrared image, clearly shows the correspondence between
the intensity depression of the molecular clouds and the near-infrared members of the cluster. The
path length divided by the velocity gives a rough estimate of the collision timescale to be 1 Myr, to
within a factor of ∼2, depending on the angle of the collision velocity vector to the line of sight. This
timescale is similar to the cluster age (Whitmore et al. 2010). SSC B1 is the most luminous (107
29
Fig. 18. (a) and (b) False-color image toward SGMC 4/5 obtained with HST overlaid with the integrated intensity distribution of 12CO(J=3–2) for the blue-shifted cloud and the
red-shifted cloud. The B-band image is shown in blue, the V-band image is in green, and a combination of the I-band and Hα images is in red. The integrated velocity ranges
for the left and right panels are 1450 to 1525 km s−1, and 1570 to 1700 km s−1, respectively. The contour levels are 300, 450, 600,750, 900,1060, 1070, and 1090 K km s−1
for (a); and 120, 220, 320, 420, 520, 620, 720, 820, 920, and 1020 K km s−1 for (b). The black crosses show the positions of SSC B1 and the emerging cluster classified by
radio continuum, CO, and Optical/NIR data(Whitmore et al. 2014). Adapted from Tsuge et al. (2020b) and reproduced with permission.
30
L) cluster in the overlap region, and its total mass is estimated to be 6.8 ×106 M (Whitmore et al.
2014). The combined mass of the two clouds is 7 ×107 M and the SFE is about 10 %.
5.1.2 SSC Formation in the Magellanic System
The Magellanic System—consisting of the LMC and the Small Magellanic Cloud (SMC)—is another
pair of interacting galaxies in which the galactic interaction has accelerated the HI gas to produce
colliding HI flows. Fujimoto & Noguchi (1990) proposed that a close encounter between the two
galaxies 200 Myr ago removed the gas mainly from the SMC and that this gas is now falling down
onto the LMC disk. Fukui et al. (2017) proposed that R136, the most massive SSC in the Local Group,
containing 105 M, was formed by a trigger due to the collision of the HI gas at 60 km s−1. This
interaction resulted in the collisional triggering of the formation of the SSC R136. Figure 19 shows
the HI distribution of the two velocity components, which exhibits complementary distributions with
displacement, and the position–velocity diagram, which displays bridge features connecting the two.
It is further becoming clear that at least 70 % of the high-mass stars have been formed by the same
event over the whole LMC disk. In particular, colliding flows have been identified from the HI data
in the N44, N11, and N79 regions (Tsuge et al. 2019).
One of the theoretical features produced by a CCC is a filamentary gas distribution in the
compressed layer (Inoue & Fukui 2013). We find such filamentary features in various objects that
are undergoing a CCC, including M42, RCW 38, W43, etc. One spectacular case is found also
in N159, which is part of the CO ridge connecting to R136. N159 is an active site of high-mass
star formation that is likely driven by the colliding flows. It consists of two regions separated by
50 pc, N159 E and N159 W. Figure 20 shows recent ALMA images of filamentary CO, with tens
of well-developed CO filaments (Fukui et al. 2019; Tokuda et al. 2019). The high directivity of
these two regions in the north-south direction is remarkable, with a pivot toward the ionizing star
and HII region in the Papillon Nebula (N159E; see the white contour of Figure 20a) and toward
a cluster of young high-mass stars (N159W; see the white contours of Figure 20b). Tokuda et al.
(2019) suggested that these massive filaments—with masses an order of magnitude larger than those
of the massive filaments observed in the Galactic high-mass star-forming region NGC 6334 (Andre´
et al. 2016)—cannot be dynamically supported by accretion-driven MHD waves, which is a model
proposed previously (Andre´ et al. 2016). However, these filaments are successfully explained in terms
of a model developed in an MHD simulation of a CCC (Inoue et al. 2018).
M33 also interacted with M31 in the past, and the interaction produced an HI bridge between
the two galaxies (Lockman et al. 2012). Tachihara et al. (2018) showed evidence for two HI velocity
components interacting toward NGC 604 in M33, a massive open cluster containing 106 M, com-
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Fig. 19. (a) Two-color composite image of two velocity components of atomic hydrogen toward the LMC. Red corresponds to gas that extends over the whole disk of the LMC
(the D component) and blue to spatially confined gas at lower radial velocities (the L-component), The blue crosses indicate the positions of bright HII regions. The white lines,
and light-green rectangle indicate the integration ranges for Figure 19b and for the regions shown in figure 19c, respectively. (b) Declination-velocity diagrams of HI superposed
on the CO contours. The position of R136 is indicated by the dashed horizontal line. The contour levels are 0.015, 0.03, and 0.05 K. The blue dashed vertical lines indicate
the intermediate velocity range between the L- and D-components. (c) HI intensity map of the D-component superposed on the L-component’s contours of the CO Arc and the
Molecular Ridge. The contour levels are 500, 800, 1000, 1200, 1400, 1600, 1800, and 1900 K km s−1. (d) The same image as (c) but with the contours of the L-component
displaced. The projected displacements of the northern and the southern clouds are 260 pc and 170 pc, respectively, at a position angle of 320◦. The red boxes indicate the
initial position of the L-component, and the blue boxes in (d) indicate the displaced positions. The blue shaded regions in (c) and (d) indicate where the HI intensity is greater
than 800 K km s−1. Figures are adapted from Fukui et al. (2017) and reproduced with permission.32
Fig. 20. (a) 13CO(J=2–1) image toward the N159E-Papillon region obtained by ALMA Cycle 4 observations. The angular resolution is shown at the lower left corner. The yellow
cross represents the position of the Papillon Nebula YSO, given by the 98 GHz continuum peak (Saigo et al. 2017). The black crosses denote the positions of MMS-1 and
MMS-2 (see Fukui et al. 2019 for details). The shape of the Papillon Nebula is traced by Hα emission, as shown by the white contour in the panel. (b) 13CO(J=2–1) distributions
of the N159W-South region obtained by the ALMA Cycle 4 observations. The red, green, and yellow crosses are positions of the infrared sources, the dust-continuum peaks
of MMS-3 and 4, and the median position between the red-shifted and blue-shifted outflow lobes (see Tokuda et al. 2019 for details), respectively. The white contours indicate
the 1.3 mm continuum emission. The angular resolution, 0′′.29 × 0′′.25, is given by the white ellipse at the lower left corner. (c) Structure created by the collision of a small
molecular cloud (∼2 pc) and a large cloud (>4 pc) at 0.7 Myr after impact at a relative velocity of 10 km s−1. Circles mark the positions of sink particles (the white one indicates
the position of the most massive sink > 50 Msol). The simulation was performed by Inoue et al. (2018). Figures are adapted from Tokuda et al. (2019) and Inoue et al. (2018)
and reproduced with permission from AAS.
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parable to R136. It is possible that this interaction triggered the formation of NGC 604, as in R136.
Triggering by tidally driven HI flows at velocities higher than a few × 10 km s−1 may be a common
process of high-mass star formation in interacting galaxies. Compared to the Antennae Galaxies, at
10–100 cm−3 the gas is less dense and the velocity of 30–60 km s−1 is somewhat smaller. The dwarf
galaxy NGC 4449 also shows signs of similar tidal interactions (Hunter et al. 1998), and there are
other dwarfs with galactic interactions, which are also candidates for tidal high-mass star formation
(Lelli et al. 2014).
5.1.3 SSC Formation in the Milky Way Disk
There are not many SSCs in the Milky Way; it harbors about ten SSCs, five of which are as young as
2 Myr (Portegies Zwart et al. 2010). In SSCs older than a few Myr, ionization becomes significant,
and the collision signatures of molecular gas may be destroyed rapidly, making the identification of
a collision difficult. These SSCs include Westerlund 2 (Furukawa et al. 2009; Ohama et al. 2010),
NGC 3603 (Fukui et al. 2014), RCW 38 (Fukui et al. 2016), DBS[2003]179 (Kuwahara et al. 2020),
and Tr14 in Carina (Fujita et al. 2020b). The SSCs in the Milky Way have masses of 104 M, one to
two orders of magnitude smaller than the SSCs formed by galaxy interactions. It seems impossible
to identify parent clouds in more-evolved SSCs like Westerlund 1 with an age of 5 Myr. It is notable
that all the SSCs with remaining molecular gas within ∼5 pc of the cluster show collision signatures,
lending support for the CCCs as an essential process in SSC formation.
Westerlund 2 is a super SSC of 104 M that is associated molecular clouds extending over the
broad velocity range of 30 km s−1. The cluster harbors 20 O-stars and 104 lower-mass members
(Whitney et al. 2004). Based on large-scale CO observations, Furukawa et al. (2009) proposed that
a collision between two molecular clouds 2 Myr ago triggered the formation of the cluster. The
distributions of the two clouds, which have similar masses and densities, are complementary to each
other, and they show bridge features connecting them in velocity, as shown in Figure 21. The two
clouds are shown to be associated with the cluster by the temperature increase in the molecular gas
as well as by the morphological correspondence with the infrared emission from the HII region
(Ohama et al. 2010). The inner 10 pc of the cluster is already strongly ionized, which is consistent
with the ∼5 km s−1 velocity of the ionization front. The two clouds each contain 105 M and are
typical GMCs, and the CCC is a typical case of SSC formation in the Milky Way. An alternative
model, which explained the cloud motion in terms of acceleration by the cluster (Dame 2007), is not
supported by the higher-resolution CO data of Furukawa et al. (2009).
NGC 3603 is another SSC, which harbors more than 30 O-stars (Moffat et al. 2004).
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Fig. 21. (a) Contours of the red-shifted (16 km s−1) and blue-shifted (4 km s−1) clouds in Westerlund 2 superposed on a three-color composite image obtained with Spitzer
(red = 8.0 µm, green = 4.5 µm, blue = 3.6 µm). (b) Velocity-latitude diagram for 12CO(J=2–1) emission integrated over the longitude range 284.◦2–284.◦4. The solid black oval
shows the velocity signature consistent with expansion around the central cluster and/or bright central regions of RCW 49. The dotted line and solid lines mark the latitudes of
Westerlund 2 and the bright ridge of infrared emission, respectively.
NGC 3603 has been extensively studied for the stellar-mass function, which has been found to be
significantly top-heavy (Eisenhauer et al. 1998; Stolte et al. 2006; Harayama et al. 2008). Fukui et
al. (2014) discovered two molecular clouds with 20 km s−1 velocity separation and showed that they
are dynamically interacting, as shown by the bridge features connecting the two clouds. The cloud
properties are fairly similar to those in Westerlund 2, and the authors suggest that a CCC triggered the
formation of NGC 3603 ∼1 Myr ago along with Westerlund 2.
The youngest SSC RCW 38 RCW 38 is the youngest SSC in the Milky Way, with an age of
0.1 Myr. It contains 104 M, including 20 O-star candidates. The SSC is still heavily embedded
in molecular gas. Fukui et al. (2016) detected and mapped two CO clouds toward RCW 38 with
a 10 km s−1 velocity separation, which are linked by a bridge feature toward the cluster. The two
clouds are named the “ring” and “finger” clouds from their morphology, as shown in Figure 22, and
the ring cloud has a central cavity, inside of which the cluster is distributed. The two clouds show
an enhanced line-intensity ratio 12CO(J=3–2)/12CO(J=1–0), indicating that they are associated with
RCW 38. The distributions of the finger and bridge show good spatial correlation with the 20 O-star
candidates, and Fukui et al. (2016) proposed that the ring and finger clouds collided to form the
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Fig. 22. 12CO(J=3–2) distributions of the ring cloud (blue contours) and the finger cloud (red contours) superimposed on an optical image obtained with the VLT. The contours
are plotted at every 15 K km s−1 from 130 K km s−1 for the ring cloud and at every 5 K km s−1 from 20 K km s−1 for the finger cloud. Adapted from Fukui et al. (2016) with
permission from AAS.
SSC. The column densities of the two clouds differ by an order of magnitude: the ring cloud has a
column density of 1023 cm−2 while that of the finger cloud is 1022 cm−2. The area of the collisional
interaction is ∼0.5 pc in diameter and shows good correspondence with the O-stars. The eastern
part of the finger cloud is already ionized by the most luminous O5.5 star IRS2, which was probably
formed by the collision of the already-ionized part of the clouds. The collision timescale is estimated
to be 0.1 Myr from the cloud size divided by the velocity separation. This case suggests that the
distribution of high-mass star formation is determined by the collision area, thanks to the very young
age and on-going collision.
Tr 14 in η Carinae The η-Carinae region is one of the most active regions of star formation in
the Milky Way. It harbors several clusters, of which Trumpler 14 (Tr 14), with an age of 1 Myr, is the
youngest. Fujita et al. (2020b) carried out an extensive analysis of CO J=1–0 and 2–1 data obtained
with Mopra and NANTEN2 and found that the molecular gas in the region consists of at least four
components with different velocities over a range of 35 km s−1. In particular, Tr 14 is associated with
the molecular gas showing the brightest CO emission, and a complementary distribution between
the two clouds has been identified. Similarly, Tr 15 and Tr 16 are associated with molecular clouds.
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The gas has already been ionized, in a timescale of a few Myr, while colliding-cloud candidates with
complementary distributions have been identified at the 5–10 pc scale.
These SSCs—as well as some others, like DBS[2003]179 (Kuwahara et al. 2020)—lend support to
the hypothesis that a CCC is an essential process in triggering the formation of an SSC.
SSCs in The Central Molecular Zone The velocity dispersion is very large in the CMZ in the
Galactic Center, and star formation is strongly suppressed (e.g., Longmore et al. 2013a). The cause of
the large velocity dispersion is ascribed either to the gas motions driven by the bar potential (Binney
et al. 1991) or to the magnetic instabilities in the strong magnetic field (Suzuki et al. 2015; Kakiuchi
et al. 2018; Fukui et al. 2006). There are three SSCs in addition to Sgr B2 that include many young
high-mass stars. Sgr B2 is a typical case of a collision, as first suggested by Hasegawa et al. (1994)
and as shown in Figure 23, and a CCC with the very high column density of 1024 cm−2 has recently
been confirmed by Enokiya et al. (2020b submitted; for an alternative intepretation, see Longmore et
al. 2013b). It is probable that the collision triggered the active high-mass star formation in Sgr B2.
Shock heating is not effective for collision velocity on the order of 10 km s−1, since molecular
cooling is very rapid, with cooling times on the order of 104 yr (Inoue & Fukui 2013). The molec-
ular gas undergoing a CCC is therefore usually considered to be isothermal. However, the CMZ
is exceptional, due to the large velocity span of ∼100 km s−1, and the temperature rise and shock
chemistry—such as SiO overabundance—are used as shock tracers (Torii et al. 2010; Tsuboi et al.
2015a; Enokiya et al. 2019). In galactic tidal interactions HI gas can collide at a high velocity, on the
order of 100 km s−1, which is able to heat the HI gas to high temperatures. Such heating, which is
caused by the galactic tidal interactions, is observed as thermal X-rays in the LMC (Knies et al. 2020
submitted), and it may serve as a shock tracer in interacting galaxies.
The 50 km s−1 molecular cloud close to Sgr A was analyzed by Tsuboi et al. (2015b) in SiO
and H13CO+ emissions, and they found the signatures of a CCC by using 45-meter data. Uehara et
al. (2019) used the ALMA data to follow up the CCC scenario. The core mass function derived in
the region of the CCC shows a clear top-heavy trend. In addition, Enokiya et al. (2019) showed that
the molecular clouds toward the footpoints of loops 1 and 2 and the l=1.◦3 complex show collision
signatures, but they are not associated with star formation, probably due to the low column density
as compared with the extremely large turbulent-velocity field. The Arches and Quintuplet clusters
are associated with molecular gas, but it is not yet clear if they were formed by CCCs. The large
velocity dispersions and high cloud density in the CMZ make it difficult to disentangle the collision
signatures, even though collisions are common phenomena, as shown above. It may be possible that
the Arches and Quintuplet were formed by CCCs a few Myr ago at the positions of Sgr C and Sgr B2
37
Fig. 23. A schematic picture of the kinematic features associated with the colliding clouds near the Sgr B2 region. A red-shifted cloud (the clump) collided to the blue-shifted
cloud (the shell) and generated three condensations of high-mass stars, namely Sgr B2(N), Sgr B2(M), and Sgr B2(S), and formed an intermediate velocity feature (the hole).
(Stolte et al. 2014), respectively, but the two clusters have since moved more than 100 pc at their large
velocities of 100–200 km s−1, and the crowded environment makes the identification of their parent
clouds uncertain (Stolte et al. 2014).
5.2 Cluster Mass vs. Pressure in SSCs
Figure 24 shows the masses of clusters as a function of the gas pressure in the clouds in the collision
region, where the clouds in the Antennae Galaxies, the LMC, and Westerlund 2 are shown (Tsuge et
al. 2020a). A theoretical study of cluster formation predicts a correlation between these parameters
(Elmegreen & Efremov 1997), and this seems to be consistent with Figure 24. The theoretical pictures
of cluster formation are, however, not necessarily the same as the current picture, which is modeled
by supersonic motions over a short timescale under non-gravitational gas compression (Section 4). It
is therefore preferable to construct a more-sophisticated model of cluster formation that fully incor-
porates the timescale in such a correlation analysis. The plot is to be extended further at the low-mass
and high-mass ends to cover more orders of magnitude in cluster mass.
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Fig. 24. Correlation plot between the external pressure (Pe/kB) and total stellar mass on SSC (Mcluster). The masses of SSCs in the Antennae cataloged by Gilbert & Graham
(2007) are shown as green diamonds. The blue diamonds represent the masses of SSCs B, C, and D cataloged by Whitmore et al. (2010). Representative values of the Pe/kB
and Mcluster are plotted as diamonds with error bars. The colored area and solid lines show various correlations and linear regressions from χ2 fittings, respectively. Light-green
and blue indicate the results obtained using the values of cluster mass cataloged by Gilbert & Graham (2007) and Whitmore et al. (2010), respectively. Adapted from Tsuge et
al. (2020a) with permission.
5.3 Formation of O-stars in the Milky Way
HII regions ionized by OB stars are primary areas in which CCCs may be occurring in the Milky Way.
Most HII regions near the Sun are found to be associated with colliding clouds. They include many
Messier objects and Spitzer bubbles as well as other HII regions. One expects that in old HII regions
the parent clouds will already have been dispersed by stellar feedback, making it difficult to identify
a CCC based on the molecular data. We summarize some of the outstanding cases of CCCs below.
5.3.1 M43: An HII Region with a Single Early B Star
The Orion Nebula M42 is the best-known HII region in the Galaxy. Fukui et al. (2018a) proposed that
the molecular cloud, which looks like a single cloud, can actually be deconvolved into two velocity
components with a 4 km s−1 velocity separation, which show significantly different spatial distribu-
tions. Figure 25 shows that the two components have distributions that are complementary to each
other, as is typical of a CCC, and the authors argued that the blue-shifted cloud, including θ1 Ori, the
Trapezium stars, θ2 Ori, and the Orion KL object—a high-mass protostar candidate—were formed
by a CCC on a timescale of 0.1 Myr. A detailed scenario for cluster formation is presented, in which
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Fig. 25. Complementary distributions of the two velocity distributions toward OMC-2. The image with black contours and the white contours indicate the blue-shifted and
red-shifted clouds, respectively. The contact faces of the two clouds, with complementary distributions, are indicated by the green dashed line. The velocity ranges for the blue-
shifted and red-shifted clouds are 7.9 and 12.9 km s−1. The lowest level is 5.5 K km s−1, and the level internal to the white contours is 4.0 K km s−1, while the corresponding
levels for the black contours are 8 K km s−1 and 7 K km s−1. NU Ori [(R.A., decl.) = (5h35m31s, −5◦16′03′′)], Ori C [(R.A., decl.) = (5h35m16s, −5◦23′23′′)], and θ2 Ori A
[(R.A., decl.) = (5h35m23s, −5◦24′58′′)] are plotted with white crosses. Adapted from Fukui et al. (2018a) and reproduced with permission.
the low-mass members of the cluster were formed prior to the CCC over a few Myrs, and the recent
CCC triggered the formation of the nearly ten O-stars within 0.1 Myr.
5.3.2 NGC6334: An HII Region with a Massive Cluster
NGC 6334 is an active region of high-mass star formation, with an HII region distributed over 10
pc. Six dust/gas condensations—named I(N) and I-V—have young ages, ranging from 104 to 106
yr, and they are associated with at least ∼10 O-star candidates, which are deeply embedded in the
six condensations. Toward this region, the molecular cloud at −4 km s−1 cloud is lined up along
the Galactic plane. Fukui et al. (2018b) discovered another weak blue-shifted molecular cloud at
−17 km s−1, with a velocity separation of 10 km s−1. The secondary cloud, extending over the main
cloud, shows bridge features connecting with the main cloud toward the condensations. The bridge
features suggest that a CCC is taking place. The column density of the main cloud is 1023 cm−2,
while that of the secondary cloud is 1022 cm−2. The two clouds show similar peak positions, which
the authors interpreted as due to the O-stars formed in the very early phase of this CCC because of
the high density of the main cloud (Fukui et al. 2018b).
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5.3.3 W43: The Galactic Mini-Starburst
W43 is a Galactic mini-starburst that is particularly active in high-mass star formation, including at
least 50 O-stars (for a review see Motte et al. 2018b). The molecular cloud complex is a remarkably
massive one in the Milky Way, with a total mass of 7.1 × 106 M. It extends over 150 pc and lies
at a distance of 5.4 kpc (Bally et al. 2010). Sofue et al. (2019) and Kohno et al. (2020) studied
the molecular distribution in detail by using the CO J=1–0 data taken in the FUGIN project, which
covers a large region with high resolution. W43 has three components, each of which has two-to-four
velocity components. Some tow or three of the clouds were found to be connected by bridge features,
as shown in Figure 26, and a CCC is a plausible scenario for high-mass star formation, as shown by
the CO distributions. Nguyen Luong et al. (2011) and Motte et al. (2014) presented a picture that
W43, located at the end of the Galactic central bar, was formed by an extensive accumulation of
molecular gas a stagnation point driven by the bar potential. W43 is probably the nearest object with
such high activity, and it offers a possible link to distant starbursts.
6 Discussion and Concluding Remarks
We have reviewed the observational and theoretical studies of star formation triggered by CCCs.
The article is based on the observational data for more than 50 CCC candidates published in
recent decades, with the Habe-Ohta model of a head-on CCC was adopted as the typical picture. The
main points of this article are summarized as follows:
1. Frequency of CCCs in a galaxy: It is becoming clear that a CCC is an important process in
triggering star formation. Numerical simulations of galactic-scale gas dynamics show that the
mean free time between CCCs is ∼10 Myr. This is consistent with the collision frequency of
molecular clouds containing 104 M—one collision per 100 years over the Galaxy—which is
similar to thefrequency of the core-collapse SNe. If we assume that one 15 M star is formed in
such a collision, the O-star formation rate is estimated to be 0.15 M/yr, which is on the order
of several % of the total star-formation rate in the Galaxy. Accordingly, we suggest that CCCs
are the dominant mechanism of high-mass star formation.
2. Cloud morphology and observable signatures: Theories of two-cloud collisions (Habe & Ohta
1992) show three observational signatures of CCC: i) Complementary distributions with
displacement, ii) a bridge in velocity space between the two clouds, and iii) a U shape in the
final phase. The gas dynamics is highly directional due to the collision velocity, which makes
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Fig. 26. Galactic latitude-velocity diagram of (a) 13CO and (b) C18O J = 1–0 integrated over the latitude range from 30.◦7 to 30.◦83. The contour levels and intervals are 0.18 K
degree and 0.08 K degree for (a) and 0.05 K degree and 0.03 K degree for (b). The black boxes show the radio recombination-line velocity (91.7 km s−1) at (l, b) = (30.◦780,
−0.◦020) from Luisi et al. (2017), with the resolution ∼1.86 km s−1 × 82′′. The yellow dashed line indicates the position of the W43 Main cluster (Blum et al. 1999). (c)
The spatial distributions of bridges (green contours) superposed on the blue and red-shifted clouds (blue and red contours) in W43 Main. The yellow circles indicate the 51
protocluster candidates (W43 MM1-MM51) cataloged by Motte et al. (2003). The white cross shows the position of the W43 Main cluster (Blum et al. 1999). Adapted from
Kohno et al. (2020) and reproduced with permission.
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a sharp contrast to the isotropic gas dynamics of a turbulent cloud without a collision. These
collision signatures are used to identify CCCs involving gas clouds over a large range of cloud
sizes, from 1 pc to 1 kpc. Identification is not straightforward, however, if the cloud morphology
is irregular or the projection effect is significant. Stellar feedback, including ionization and
protostellar outflows, also make it difficult to establish a collision firmly in some cases, but this
weakness is being overcome with the increasing number of the samples.
3. Observed star/cluster formation triggered by a CCC: Observations show that more than 50
regions of star formation have been identified as sites of high-mass star formation triggered
by CCCs (Enokiya et al. 2019). They include SSSCs, HII regions ionized by O-star clusters
and isolated O-stars. SSCs with masses of 104 M to 107 M are located in interacting
galaxies—the Antennae Galaxies, the Magellanic System, and M33—and there are several
young SSCs in the Milky Way. Many young HII regions show the signatures of CCCs—for
example, in the Orion A and Orion B regions, the Sagittarius Arm, and other sites of active star
formation. The large number of observed cases of collision lends support for CCCs as one of
the dominant mechanisms of high-mass star formation.
4. Observed physical parameters of SSCs in CCC in the external galaxies: Collisions take place
between both atomic and molecular clouds. In collisions of dwarf galaxies (the LMC and M33),
HI collisions are driven by galactic tidal interactions. The close encounter between the galaxies
strips HI gas, resulting in HI flows that subsequently collide at 30–60 km s−1, triggering the
formation of SSCs and high-mass stars. Mergers between grand-design spiral galaxies also
drives collisions between molecular clouds, which triggers the formation of massive SSCs, as
in the Antennae Galaxies. A preliminary analysis (Tsuge et al. 2020a) suggests a possibility
that the masses of the SSCs are correlated with the pressure in the collision, as predicted
theoretically (Elmegreen & Efremov 1997).
5. Observed physical parameters and threshold column density in CCC of the Milky Way: In the
disk of the Milky Way, CCCs have been identified between molecular clouds. The typical cloud
size, mass, and collision velocity are 1–5 pc, 103–105 M, and 5–15 km s−1. The formation of
O-stars has a threshold value in molecular column density. Formation of a single O-star takes
place at column densities larger than 1022 cm−2, and the formation of more than ten O-stars
requires column densities more than 1023 cm−2. In the central region of the Milky Way, the
threshold values seem to shift upward, and column densities even higher than ∼1024 cm−2 are
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required for high-mass star formation in order to compress gas with a large velocity dispersion.
6. Gas compression and top-heavy core mass function in a CCC: A collision is an efficient mech-
anism for the formation of dense, massive molecular cloud cores according to Fukui et al.
(2020). In the compressed layer, dense gas is organized into filaments, and dense cloud cores
are formed in the filaments. The growth in mass of a filament is due to flow guided along
the magnetic field. The core mass function of the dense cores is top-heavy, with a significant
fraction of the massive cores having 6–60 M and sizes of 0.01–0.1 pc. The mass function is
markedly different from the IMF, which has a peak at a stellar mass of 0.1–1 M. The core
mass function is consistent with recent ALMA observations of RCW 38 and W43. The collision
area and column density determine the shape and the number of stars formed by a collisional
trigger. This allows a variety of cluster masses and shapes, as observed, ranging from a single
O-star to more than 100 O-stars. The SFE is estimated to be 1.6 %–10 % for gas density of 104
cm−3–105 cm−3, not particularly high in spite of the strong compression. So, the impact of
CCCs lies in the formation of high-mass stars.
7. High-mass star formation in a cloud-cloud collision: High-mass star formation in a cloud-cloud
collision is a rapid process that is governed by the typical collision timescale of 105 yr. The
mass-accretion rate in the layer is enhanced to 10−4 M/yr to 10−3 M/yr (Inoue & Fukui
2013). A 30 M star is formed in 105 yr by accretion at a constant rate of 3 × 10−4 M/yr.
Such a short timescale is consistent with the short, 105 yr duration of star formation measured
in the two SSCs NGC 3603 and Westerlund 1.
8. Starbursts as an extreme case of high-mass star formation: Recent observational studies show
that CCCs are responsible for starbursts, including those in the Antenna Galaxies, R136 in the
LMC, NGC 604 in M33, and Sgr B2 in the Galactic Center. It has also been shown that mul-
tiple CCCs are taking place and triggering the Galactic mini-starburst in W43. It is important
to accumulate high-resolution data on the molecular gas and young stars in active extragalactic
star-forming regions in order to clarify the role of CCCs in even-more-active galaxies.
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Table 2. Parameters of the Numerical Simulations (Takahira et al. 2014).
Box size [pc] 30×30×30
Resolution [pc] 0.06
Collsion velocity V0 [km s−1] 10 (7)†
Parameter The small cloud The large cloud note
Temperature [K] 120 240
Free-fall time [Myr] 5.31 7.29
Radius [pc] 3.5 7.2
Mass [M] 417 1635
Velocity dispersion [km s−1] 1.25 1.71
Density [cm −3] 47.4 25.3 Assumed a Bonner-Ebert sphere
† The initial relative velocity between the two clouds is 10 km s−1, but the collisional interaction decelerates the relative
velocity to about 7 km s−1 by 1.6 Myrs after the onset of the collision. The present synthetic observations correspond to a
relative velocity V0 = 7 km s−1 at 1.6 Myrs. Adapted from Fukui et al. (2018c) with permission.
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Table 3. Model Parameters (Inoue & Fukui 2013).
Parameter Value
〈n〉0 300 cm−3
∆n/〈n〉0 0.33
B0 20 µG
Vcoll 10 km s−1
Resolution (8.0/512) pc
† Adapted from Fukui et al. (2018a) with permission from AAS.
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